In the present paper metal-to-insulator transition with the increase of temperature is studied in a narrow-band model with non-equivalent Hubbard subbands at half-filling. It is shown that the results obtained in the considered model are essentially distinct from those obtained in the Hubbard model. The results are applied to the interpretation of some experimental data.
Introduction
It is known that the electron-hole symmetry is peculiar to the Hubbard model [1] . One of the manifestations of this symmetry is the equivalence of the lower and upper Hubbard bands. It is the result of the equality of hopping integrals describing both "translational" hopping of holes and doubly occupied sites (doublons) and the processes of their paired creation and destruction. Equality of noted hopping integrals is caused by neglecting the matrix elements of electron-electron interaction 1) in the Hamiltonian of model (the matrix elements (1.1) describe hopping of electrons between i and j lattice sites; φ-function is the Wannier function). However, the theoretical analysis, on the one hand, and the available experimental data, on the other hand, indicate the fact that the Hubbard model generalization is of a principle necessity taking into account the correlated hopping (1.1) [2] [3] [4] [5] [6] . In such a model, hopping integrals describing "translational" hopping of holes and doublons are different. These hopping integrals also differ from the hopping integral which is connected with the processes of paired creation and destruction of holes and doublons. Consequently, the lower and upper Hubbard bands are non-equivalent (non-symmetric). In recent years, similar models have been studied intensively [7] [8] [9] [10] [11] [12] [13] [14] .
An important puzzle arising in studying these models is a metal-insulator transition problem which is one of the most essential in narrow-band physics [15] [16] [17] . In this connection special interest is challenged by the observable metal-to-insulator transitions in some narrow-band materials with the increase of temperature (see, for example [17] [18] [19] [20] [21] [22] ).
Based on the approach proposed in the papers [5, 23] we have studied metalinsulator transition in a model of narrow-band material with non-equivalent Hubbard subbands (the so-called "non-symmetric Hubbard model") at half-filling and zero temperature in the paper [24] . The present paper is devoted to a further study of metal-insulator transition in a model with non-equivalent Hubbard subbands, in particular, to the study of temperature-induced metal-to-insulator transition.
Results
We start from the following natural generalization of the Hubbard model [1] at half-filling including correlated hopping (1.1) [4, 5] 
with i, j nearest-neighbours sites, µ is the chemical potential, a + iσ , (a iσ ) is the creation (destruction) operator of an electron of spin σ (σ =↑, ↓) on i-site (σ denotes spin projection which is opposite to σ), n iσ = a + iσ a iσ is the number operator of electrons of spin σ on i-site, U is the intra-atomic Coulomb repulsion, t 0 , T 1 , T 2 are the integrals of electron hopping between the nearest neighbours,
the primes at the sums in Hamiltonian (2.1) signify that i = j.
Using a generalized mean-field approximation [5, 23] in Green function method we obtain for a paramagnetic state the single-particle energy spectrum as
2)
where d is the concentration of polar states (holes or doublons), t k ,t k , t ′ k are the Fourier transforms of the respective nearest-neighbour hopping integrals t = t 0 + T 1 ,t = t + 2T 2 , t ′ = t + T 2 ; t andt are terms describing hopping of quasiparticles within the lower and upper Hubbard bands (hopping of holes and doublons) respectively, t ′ describes quasiparticle hopping between hole and doublon bands (the processes of paired creation and destruction of holes and doublons).
The peculiarity of single-particle energy spectrum (2.2) is the dependence on temperature (d is a function of temperature) . Thus, the proposed approach makes it possible to study temperature-induced metal-insulator transition.
The energy gap width (difference of energies between bottom of the upper and top of the lower Hubbard bands) is 6) where w = z|t|,w = z|t| (z is the number of the nearest neighbours to the site).
The concentration of polar states (obtained using the Green function
and chemical potential of narrow-band model with non-equivalent Hubbard subbands is given by the equation
Here we have used the rectangular density of states. non-equivalence of Hubbard subbands τ 1 , τ 2 . In a high temperature region in the proposed model, the chemical potential tends to U/2 with the increase of temperature; really, at T → ∞ the probabilities of an electron finding within the lower and upper Hubbard bands (independent of their bandwidth ratio) are equal.
Discussions and conclusions
At a given U, w,w, t ′ (constant exterior pressure), the concentration of polar states (2.7) increases with the increase of temperature. It leads to the fact that the system can undergo transition from the state with ∆E 0 to the state with ∆E > 0, i.e. metal-to-insulator transition can occur. In this case the results obtained in the Hubbard model and those obtained in non-symmetric Hubbard model can be essentially different (figure 2 illustrates it). Let us take for example U/w = 0.9. One can see that at T = 0 K the energy gap width in both models is ∆E < 0 (a metallic state). With the increase of temperature, metal-to-insulator transition does not occur in the Hubbard model, in a non-symmetric model the values of parameters τ 1 , τ 2 exist at which metal-to-insulator transition occurs.
In case the metal-to-insulator transition occurs in both models from figure 2 one can see that at given values of U/w in a model with non-equivalent Hubbard subbands, metal-to-insulator transition occurs at a smaller temperature than in the Hubbard model. So, for example, for w 0 = z|t 0 | ≈ 1.05 eV (such bandwidth of NiS 2 was estimated in the paper [19] ) in the considered model in a paramagnetic state metal-to-insulator transition occurs at T ≈ 280 K for U/w 0 = 1.94 and τ 1 = τ 2 = 0.01 (observable the transition temperature of NiS 2 is T ∼ 280 K at p ∼ 3 MPa [20] ).
For the same value of U/w 0 metal-to-insulator transition occurs at T ≈ 940 K when τ 1 = τ 2 = 0 (neglecting the correlated hopping, the Hubbard model) and at T = 0 K when τ 1 = τ 2 = 0.015. If U/w 0 = 1.98 then transition from a metallic state to an insulating state is realized at T ≈ 290 K for τ 1 = τ 2 = 0; at T = 0 K when τ 1 = τ 2 = 0.005. Note that at U ∼ 2w the temperatures of metal-to-insulator transition found in both models are essentially different; with a deviation from this ratio the difference decreases.
The obtained temperature dependence of energy gap can explain observable transition from the state of a paramagnetic metal to the paramagnetic Mott-Hubbard insulator state in the (V 1−x Cr x ) 2 O 3 compound [17, 18] in NiS 2 [20] and in the NiS 2−x Se x system [20] [21] [22] with the increase of temperature.
To conclude, metal-to-insulator transition observable in the materials with narrow energy bands can be explained based on the proposed approach at realistic values of the parameters characterizing non-equivalence of the Hubbard subbands. This way, the results obtained are essentially distinct from those obtained without taking into account this non-equivalence (the Hubbard model). In particular, the temperature of metal-to-insulator transition is essentially smaller than in the Hubbard model (this fact agrees to the observable transition temperature), and the chemical potential distinguishes from the value µ = U/2 (obtained in the Hubbard model) and it is temperature dependent.
